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TITLE 

RUTHENIUM HYDROGENATION CATALYSTS 
PTRLD OF THE INVENTION 
This inventicm concerns a novel luthenium convex, processes for the 
S pxepaiadon of certain ruthenium complexes and processes for their use as catalysts 
in hydrogenation xeactions. 

TPPHNir AL B AQCGROUND 

B. Chaudrct and R. PoilWanc, OrganometaUics, 1985,4, 1722-1726 report 
the synthesis and characterizatim of a nithenfaim conq>lex, RuH5(PCy3)2. This 
10 conq>lex was later formulated as RuH2(H2)2(PCy3)2 t>y T. Arliguie et al., ImZ^ 
Chem. . 1988, Vol. 27, 598-599. The conqjlcx was prepared from 
Ru(COD)(COT). (COD is 1,5-cyclooctadiene, COT is 1,3^-cyclooctatriene and 
Cy is cyclohcxyl.) 

B. Chaudret et al., J. Am. Chcm. Soc., 1991, 113, 2314-2316, report the 
15 synthesis znd characterization of a ruthenium complex RuHX(H2)(PCy3)2, where 
X is iodine or chlorine. The complexes were prepared from RiiH2(H2)2(PCy3)2- 

A. M. Joshi et al.. Prog in CataL, 1992, 75, 143 describes nitrile 
hy drogenations using di- and tri* nuclear Ru(II) complexes containing chelating 
diphosphines such as l,4-bis(d^^nylphosidiino)butane (<^9pb). They disclose a 
20 preference for [RuHa(dppb)]3 for nitrile hydrogenations. 

U.S. 3,454,644 describes hydrogenations using LnMZ2, where n = 3 or 4; 
M is ruthenium or osmium; L is independently PR3 or CO, preferably at least three 
being PR3; and the Z ligands being Q, Br, or H. Specifically mentioned are 
RuHa(PPh3)3 and RuH2(PPh2Me)4. 
25 T. Arliguie et al., Organometaltics, 1991, 10, 1888, disclose a sirucmre for 

a compound in which dehydrogenation of a cydohexyl ligand has cqpparently 
occurred. This stmcture is for a cationic (as opposed to neutral) species as 
indicated below. 




X-ray crystallography shows that one cydohexyl group has been dehydrogena^, 
30 with removal of two H atoms, to a cyclohexcnyl group, which is coordinated to the 

1 
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Ru center as an olefin ligand and by an agostic C-H-Ru interaction involving one of 
the allylic hydrogens. 

The present invention provides a neutral nithenium con^lex, having the 
fonnula Ru(Ti3^5H8-PCy2XPCy3)a, wherein Cy represents a cyclohcxyl group, 
of the structure 




The present invention also provides a process for the preparaticm of a 
nidienium complex having the fonnula Ru(Ti3^5H8.PCy2XPCy3)a wherein Cy is 
cyclohcxyl con^rising contacting a source of niAenium, preferably cycloociadienyl 
10 ruthenium dicWoride, wxtfi tricydohcxylphosphinc in the presence of a solvwit; 
adding a base to the solution; and isolating the ruthenium complex firom the 
solution. 

This invention also provides a process for the preparation of a rathenium 
complex having the formula RuHa(H2KPCy3h» wherein Cy is a cyclohcxyl group 

15 comprising contacting a ruthenium complex having the formula 

Ru(Tl3-C5Hg-PCy2KPCy3)a widi hydrogen in the presence of a solvent and 
agitating the solution to form RuHa(H2XPCy3)2. 

This invention furtfier provides a process for the preparation of a ruthenium 
complex, having the formula RuH2(H2)2(PCy3)2, wherein Cy is a cyclohcxyl 

20 group, by contacting a mthenium complex having the formula 

Ru(Ti3.C6H8-PCy2XPCy3)a or RuHa(H2XPCy3)2 with hydrogen in the presence 
of a strong base, water, an organic solvent and a phase transfer catalyst to form a 
bqdiasic medium and subsequently agitating the medium to form 
RuH2(H2)2(PCy3)2- 

25 This invention further provides a process for the hydrogenation of an 

organic nitrile. comprising contacting said nitrilc witii gaseous hydrogen in the 
presence of a ruthenium complex catalyst having the formula: RuCTi^-C^Hg- 
PCy2XPCy3)a or RuHa(H2XPCy3)2, wherein Cy is a cyclohcxyl group; and 
subsequently agitating the nitrilc, hydrogen and catalyst to form a primary amine. 

30 This invention also provides a process for the selective hydrogenation of a 

dinitrile, comprising the steps of contacting said dinitrfle with gaseous hydrogen in 
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the pxesence of a ruthenium complex catalyst having the formula RulTj^-CgHg- 
PCy2XPCy3)a or RuHa(H2)(PCy3)2, wherein Cy is a cydohexyl group; and 
subsequently agitating the dinitrile, hydrogen and catalyst for an amaont of time 
selected to favor yield of an aminonitrile over yield of a diamine. 

5 This invention pi0vi<fes a process for the reductive hydrolysis of an organic 

nitrile, comprising the steps of contacting said nitrile with gaseous hydrogen and 
water in the presence of a rothmium con^ilex catalyst having the fonmula 
Ru(Tl3-C5H8-PCy2)(PCy3)a or RuHa(H2XPCy3)2 wherein Cy is a cydohexyl 
group; and subsequently agitating the nitiile, water, hydrogen and catalyst to form 

10 an alcohol. 

This invention also provides a process for the selective reductive hydrolysis 
of a dinitrile, comprising the steps of contacting said dinitrile with gaseous 
hydrogen and water in the presence of a ruthenium conq)lex catalyst having the 
fomiula Ru(ii3-C5H8-PCy2)(PCy 3)a or RuHa(H2)(PCy3)2, wherein Cy is a 
15 cyclohexyl group; and subsequently agitating the dinitrile, hydrogen, water and 
catalyst for an amount of tunc selected to favor yield of an hydroxynitrile over 
yiddofadiol. 

This invention further provides a process for die reductive imination of a 
nitrile to an aldimine, comprising the steps of contacting said nitrile with gaseous 

20 hydrogen and a primary amine in the presence of a ruthenium complex catalyst 
having the fomnila Ru(T|3.C^g-PCy2XPCy3)a or RuHa(H2XPCy3)2, wherein 
Cy is a cyclohexyl group; and subsequently agitating the nitrile, hydrogen, amine 
and catalyst to form said aldimine. 

This invention also provides a process for the hydrogenation of an organic 

25 nitro corr^und to a primary amine, comprising the steps of contacting die nitro 
compound having at least (me NO2 group with gaseous hydrogen in the presence 
of a ruthenium complex catalyst having tfw formula Ru(tl34:^8-PCy2XPCy 3X^ 
or RuHa(H2XPCy 3)2. wherein Cy is a cyclohexyl group; and subsequcndy 
agitating the nitro compound, hydrogen and catalyst to foma the primary amine. 

30 RRTRF DESCRfPTTON OP T HE DRAWINGS 

Rg. 1 is a graph showing the aminocq)ronitrile (ACN) selectivity 
calculated for an adiponitrile ( ADN) hydrogenaticm where the two ends of the 
ADN are assumed to react independently and at the same rate (statistical 
sdectivity ) compared to die ACN selectivity actually obtained witfi a conventional 

35 ur^jromoted Raney Ni catalyst. 



3 
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HFT AILED DES rRTPTTON OF THF mVENTION 

This inventiwj provides a novel i»utral lutbeniom coiiq>lex, 
Ru(Ti3.C6H8-PCy2KPCy3)a, wherein Cy represems a cyclohcxyl group, which 
can be rqirescnted by the stnicture: 




5 This complex can be prepared by a process represented by the equation: 

(COD)Rua2 + 2 PCys + base -> mr\^-C^i-fCy2)ff^3^ * cycloocieiie ♦ bise«+ + Q' 

where COD represents a 1 ,5-cyclooaadienyl group and Cy repicsehts a cydohexyl 
group. The base can be, for example, a Grignaid reagent, for example, 
Mc3SiCH2MgCl; or other base, for example, potassium-t-butoxide or sodium 
hydroxide. Preferably the base has a pKa greater than 13. Choice of base will be 
10 on the basis of availability, economics, or material contipatibiUty with downstream 

processes such as product foimation or waste treatment. 

Although (C0D)Rua2 is shown in die equation above, alternate sources of 
nidieniumcanbeused. Sources of radienium, for exanqde,bis(allKne)nithenium 
(II) conqxnmds. conqnise cranpounds of Ae formula K^^vX2, wherein R* 

15 icpiesents an alkene Ugand and X is a halide or a pseudohalogen (e.g., the anion of 
aprotonic acid salt, such as nitrate or acetate). The alkene ligands are straight 
chain, branched, or cyclic arrangements of carbon atoms connected by single, 
double, or triple carbon-to-carbon bonds, comprising at least one cartwn-to-cariwn 
double bond, and substinited accordingly with hydrogen atoms. The alkene Ugands 

20 can be present either as two separate ligands or as a single polyalkene Ugand. 
Polyalkene ligands such as cycloheptatriene, nMbomadiene, and 
1.5-cydooctadiene (COD) are preferred, with U-cydooctadiene being the most 
preferred. More comjflicated alkene ligands can be employed if desired, but offer 
no significant advantage over simple, inexpensive, alkene ligands. Examples of 

25 bis(alkene)nithenium(n) compounds conqirise (norbomadiene)Rua2. 
(cycl(dtexadiene)Rua2. and (cycloheptatriene)Rua2. The preferred 
bis(alkene)nithenium(n) compounds are (l,5-cyclooctadiene)RuX2 compounds 



4 
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with (COD)Rua2 being the most prcfcned. (COD)Rua2 can be prepared as 
described in M. O. Albcrs, et al.. Inorganic Syntheses. 1989. 26, p, 68. 

Preparation of Ru(ii3-C5H8-PCy2XPCy3)a is carried out in a solvent. 
Any solvent which is mcrt to the reactants and products can be employed. Aprotic 

5 solvcms arc prefened, commonly defined as those with autoprotolysis eqnilihrium 
constants less than about lO"^. (C. Rcichardt, "Solvents and Solvent e«ects in 
Organic Chemistry, 2nd Edition", VCH Publishers (1968), cspedaUy pages 61-67). 
Ethers are especially preferred, such as dimethyl ether, diethyl ether, t-butyl mediyl 
ether, tetiahydrofiiran, and dioxane. The temperature for the present process 

10 ranges from about — TS^'C to about 200^C, preferably about OX to about lOOX. 
most preferably about 20*'C to about 40*'C under an inert atmosphere such as 
nitrogen, argon or helium. Pressure for this reaction is not an iaq)ortant variable; 
normal atmospheric pressure is usually employed. 

The ratficnjum complex, Ru(Ti3<:5H8-PCy2XPCy3)a is prepared by 

IS contacting the source of ruthenium with the tricydohexylphosphine and solvent 
and subsequently agitating die solution, usually by stirring. The base is then added 
to the solution with additional stirring. After an appropriate length of time, the 
solvent is removed and the ruthenium conq)lex product isolated The reactiwi is 
normally con^lete in about 12 to about 24 hours at 25'*C, as indicated by the deep 

20 purple color of the con^lex product. The solvent is removed and the complex 
product dissolved in an aromatic hydrocarbon solvent. Suitable aromatic 
hydrocarbon solvents comprise C5-C12 non-fiiscd benzenoid hydrocarbons and C^- 
Cig alkyl derivatives thereof. Examples of suitable solvents include benzene, 
toluene, cthylbenzcne and xylene. The solution is filtered, the solvent removed 

25 from the filtrate, arxi the product washed with aliphatic hydrocarbon solvent to 
obtain the corrq)lex as a solid. Suitable aliphatic hydrocarbon solvents comprise 
C3*C|2 linear or branched saturated alq>hatic or alicydic hydrocarbons, such as 
propane, butane, penuine, h^sane, methylpentane, or mixtures of such 
hydrocarbons such as petroleum ether The product complex is suitable for use as 

30 a catalyst without fiirther purificati(m. 

The structure of the mthenium conq>lex Ru(il3-C5Hg-PCy2KPCy3)a has 
been determined on the basis of analytical and spectroscopic data. Gas 
chromatogn5>hy established diat the use of a 1,5-cyclooctadiene ligand results in a 
cyclooctene by-product, and diat when trimcthylsilyhnethyhnagnesium chloride is 

35 used as base, the ttimethylsilylmethyl fragment ends up as tetramethylsilane. 

Microanalysis and NMR data are consistent with a molecular formula for 
Ru(il3-C6Hg-PCy2XPCy3)a of C36H63aP2Ru. A cryoscopic molecular weight 
determination in benzene showed the complex to be monomeric with molecular 

5 
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weight Of appioximaiely 674 (vs 694 expected, weU within experimental eiror). 
Fast Atom Bombardment (FAB) mass spec showed a grouping at mass 693*. 
{M+H)+ for Ru(Ti3-C6H8-PCy2)(PCy3)a should appear at 695, which is not 
observed. The 693+ grouping probably arises from protonation of 
5 Ru(Ti3-C6H8-PCy2XPCy3)a (694 -> 695+) followed by rapid loss of H2 (695+ -+ 
693+). The 693+ isotope pattern is as expected for Cj^-i^^^^i- 

The most distinctive feature of Ru(Ti3-C6H8-PCy2)(PCy3)Cl is its 
3lp NMR spectrom, which dearly shows two veiy different phosphine Ugands with 
a very large P-P coupling constant, suggesting a trans arrangement. l^CNMR 
10 shows 9 methine carbons and 27 meAylene carbons. Hic nomwl PCy3 Ugand. Le.. 
the Ugand banded to die metal by a P-metal bond only, accounts for 15 of the 
mediylenes and 3 of the meihines. Further, 2 additional methines and 10 
methylenes were attributed to two normal (un-metaUated) cydohexyl rings on the 
metallatcd phosphine Ugand. The remaining 4 medunes and 2 methylenes are 
15 attributed to a symmctricaUy bonded T^^-CgHg ring. 

The Ti^^^g resembles an t^^-aUyl group, but die ^^C shifts of the 
aUyl carbons are significandy upfield of nomial allyls. This may be due to non- 
optimal geometry imposed by die strongly constrained ring system. Altemativdy, 
radter than being described as a symmetrical t\3.aUyl. this complex might be 
20 described as an Ti^Tl^-aByl (Le., a O complex widi a ji-bonded olefin), wirii rapid 
exchange to equilibrate the end carbons. An attempt to freeze such a process out 
using variaWetenqwranue NMR was unsuccessful down to -90'C. Proton, 
phosphonis, and carbon NMR, togedier widi homonudear and heteronuclear 
corrcUtional NMR spectroscopy (proton-proton, proton-phosphorus, and proton- 
25 carbon COSY) which faciUtated assignment of all observed NMR signals, provided 
strong suppon for die assigned stnictute. No evidence for a hydride Ugand was 

seen even at low temperature. 

Starting widi Ru(Ti3^6H8-PCy2XPCy3)a. die prcsem invendon provides 
new processes for die syndiesis of several radienium complexes, for example, 
30 RuHa(H2)(PCy3)2 and RuH2(H2)2(PCy3)2. were in die past only accessible 
by more complicated and unreliable lonies. 

Hydrogenation of die radienium complex Ru(n3-C6H8-PCy2XPCy3)a of 
die present invention very cleanly produces as a product a tudienium complex 
having die fomiula RuHa(H2XPCy3)2. The same product is obtained by a 
35 process of die present invention dirough hydrogenation of Ru(n^-C^8-PCy2)- 
(PCy3)a in die presence of an amine base, for example, triediylamine or 
butylamine. The hydrogenation of eidier reaction is carried out in a solvent. Any 
solvent which is inert to die reactants and products can be employed. Preferred 
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solvents con5)risc aromatic and alq)hatic hydrocarbons, ethers, and amines. The 
volume of solvent must be sufficient to allow cfifcctivc agitation, but it is not 
necessary for RuCn^-C^Hg-PCyiXPCysX^ to be completely dissolved for 
satisf actoiy reaction to occur. Aliphatic or alicydic hydrocartxms arc especially 

5 prefened solvents, since they f adlitate isolation of die product, which is essentially 
insoluble and can be easily isolated by filtration. By aliphatic or alicyclic 
hydrocarbons is meant any linear, branched, or cyclic arrangement of carbon atoms 
connected by single bonds only, with hydrogens attached as qipropriate, for 
example, methane, ethane, propane, butane, pentane, hexane, heptane, octane, 

10 nonane, decane, undecane, dodecane, cyclopropane, cyclobutane, cydopentane, 
cycl(rfiexane, 23-dimethylbutane and methylcyclohexane. Further, mixtures of two 
or more such compound*^ san be used, for exan^le, "petroleum ether" which is 
commonly sold by specifying a boiling range raAer than an exact composition. 

The hydrogenation is carried out under an aonosphere of hydrogen gas or 

15 any mixture of hydrogen gas with other gases that do not interfere with Uie desired 
reaction, such as N2, He, Ne, or Ar. The partial pressure of hydrogen should be 
between about 100 kPa and about 1500 kPa. The preferred pressure is about 
100 kPa to about 1000 kPa. Higher pressures can be used, but are not required 
and generaUy do not justify the expense of the more exotic equipment required. 

20 Agitation is required, and can be provided by any convenient method, such 

as mechanical stirring or gas sparging. The method of agitation is unimportant as 
long as sufficient contact is provided for gaseous hydrogen to react with 
Ru(il3^5H8-PCy2XPCy3)a in solution or suspension. 

The temperature range employed for this Iqf drogenation is about -80° to 

25 about 200**C The preferred range is about 20*» to about 60*C 

The hydrogenation product is not necessarily isolated before its own use as 
a catalyst. The RuHa(H2XPCy3)2 prepared by this mediod is pure enough to be 
used without isolation or purification of any kind, either as a solution or 
suspension. Alternatively, if aliphatic hydrocarbon solvents are used as solvent, the 

30 product RuHa(H2XPCy3)2 can be obtained as a solid precipitate which can be 
isolated by filtration. 

Exposure of Ru((Ti3-C5H8-PCy2KPCy3)a to hydrogen rapidly 
hydrogenates die metallated PCy3 ligand back to a normal PCy3 ligand. This is 
supported by both ^^P and ^^C nnw, which shows only resonances expected for 

35 two equivalent normal PCy3 ligands in the hydrogenated product. 

The present invention further provictes aprocess whereby upon 
bydrogenadm of a ruthenium complex having the formula 
RutTi^-C^Hg-PCy 2)(PCy3)a or RuHa(H2)(PCy3)2 in the presence of water, a 
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Strong base and a phase-transfer catalyst, a rutficnhim conqjiex having the fornmla 
RuH2(H2)2(PCy3)2 is produced This reaction can be conducted in biphasic media, 
comprising a strongly basic aqueous phase and an organic phase ^ch comprises 
the ruthenium stardng material. 
5 The organic solvent should be immiscible with the aqueous phase and 

unreactive toward the starting materials and products. Aprotic solvents, commonly 
defined as those with autoprotolysis equilibrium constants less than about 10-^, 
are piefencd. Hydrocarbon solvents, such as benzene or toluene, are especially 
preferred. 

10 A base is added to the aqueous |riiase to maintain pH>12. Thebasecanbe 

eitfier organic or inorganic, but it must be soluble in die aqueous phase and not 
have an appreciable solubility in the organic phase. Other than maintaining a high 
enough pH for die reaction to occur, the only other requirement for the base is that 
it not participate in undesired reactions with other reactants or solvents. The 

15 preferred bases are die Group I or II hydroxides, for example, LiOH, NaOH, 
KOH, and Ca(OH)2. with NaOH being most preferred Stronger bases can be 
used if desired, but because of dieir leveling effect in water, these bases will 
function equivalently to hydrcxxide. For exanq^e, sodium hydride is a much 
stronger base than sodhun hydroxide, but in water it is instamly converted to 

20 hydrogen and sodium t^droxide. 

The success of the present process depends on reaction of the aqueous base 
with the mthenium compound present in the organic solvent. Aqueous alkali metal 
hydroxides (e.g., NaOH) have essendally no solubility in organic media and the 
rathenium reactants have essentially no solubility in the aqueous caustic phase, 

25 therefore the desired reaction does not occur at an acceptable rate in the absence of 
a phase transfer catalyst (PTC). 

One broad class of phase transfer catalyst useful in the present process can 
be represented as Q*Y-, where represents a cation and Y- an anion. This type 
of i*iase transfer catalyst includes, for example, quaternary ammonium halides 

30 (e.g., benzyl triethyl ammonhmi chloride, tetrabutyl ammonium bromide) and 

tetraalkyl phosphonium halides (e.g., tetrabutyl |*osphonium chloride). Another 
broad class of phase transfer catalyst includes linear and cyclic polyethcrs or 
polyether amines (e.g., polyalkylene glycols. Crown ediers, and Cryptands such as 
Kryptofix 222^, a product of E. M. Science, Gibbstown, NJ). Any of these phase 

35 transfer catalysts are suitable in the present process provided diat diey do not 
participate in undesired reactions with solvents or other reactants. A preferred 
phase transfer catalyst is betiiyltriethylaninwinium chloride since it is relatively 
inexpensive, widely used and readily available. 

8 
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Phase transfer catalysts arc believed to function by fanning ion pairs which 
have higher solubility in the organic phase of the two-phase xeaction than the ion 
pairs present in the absence of the phase transfer catalyst For »anq>le, NaOH has 
very low solubility in organic media. In the presence of a quaternary salt phase 

5 transfer catalyst (Q^Y"), ion pairs such as Q+OH- can form ^R*ich haw higher 
solubOity in the organic phase, greatly enhancing reaction rate. In essence, the 
phase transfer catalyst acts to transport the reactive anion to the organic phase, 
where it can partic^ate in the desired reaction. Crown ethers, Cryptands, 
polyalkalene glycols, and other neutral i^ase transfer catalysts are believed to 

1 0 function by complexing or encq)sulating the aqueous cation, again forming an ion 
pair witii enhanced organic solubility (e.g., K^Crown cthcr*X)H"), which can be 
transported into the organic phase for reaction. In the organic phase, the 
ruthenium compound is thought to first react witfi phosphine ligands aixi hydrogen 
to generate reactive intermediates containing dihydrogen or hydride ligands as well 

IS as X ligands. Hydroxide ariion, transported into the orgariic phase by the i^iase 
transfer catalyst as Q^H% is though to react with these intermediate ruthenium 
species by abstracting H'^^X*, forming water, anew rudseruum species, and anew 
ion pair Q'**X*. The exact mechanism by which this occurs is unknown, and is not 
important to successful supplication of this method. Q^X' then migrates back to the 

20 aqueous phase, releasing X~ and picking up another OH~ to repeat the cyde. 

The phase transfer catalyst is used in catalytic amounts. The prcfened 
amount of phase transfer catalyst is about 1% to about 10% on a molar basis 
conq>ared to the amount of ruthenium used. Smaller amounts of phase transfer 
catalyst can be used, but require longer reaction times. Larger amounts can also be 

25 used, but result in increased cost. 

The source of hydrogen corr^rises hydrogen gas or a mixture of hydrogen 
gas with inert gases such as N2, He, Ne, or Ar. Pure gaseous hydrogen is 
preferred. Mixtures conqirising carbon monoxkle, such as "^synthesis gas** are not 
acceptaUe, since CO reacts with the desired rathenium conqilexes to produce 

30 cazbonyl coo^lexes. 

Because of the biphasic medium, effective agitation is required in order to 
provide sufficient contact of the gaseous hydrogen with 

Ru(Ti3<:^g-PCy2)(PCy3)a or RuHa(H2XPCy3)2 for the hydrogenation reaction 
to occur and to provide sufficient contact of the aqueous and organic phases for 
35 the phase transfer catalyst to function. 

The temperature range en^loyed is from about -30**C {dpptowmt 
freezing point of aqueous NaOH) to about 200''C. The preferred range is about 
20'*C to about lOO^'C. 
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The partial pressure of hydrogen should be between about 100 kPa and 
about 15000 kPa. The preferred pressure is from about 700 kPa to about 
7000 kPa. Higher pressures can be used, but aie not lecpiized and graerally do not 
justify the expense of the more exotic cquipnwit required. The organic phase 

5 comprising the nithenium complex, RuH2(H2)2(PCy3)2. can be separated from the 
aqueous phase by dccaniation. The aqueous phase can be extracted with additional 
portions of solvent to increase recovery of RoH2(H2)2(PCy3)2 from the aqueous 
phase. The resulting organic phase comprising RuH2(H2)2(PCy3)2 can then be 
optionally washed with water to iiiq)rove removal of residual base. The resulting 

10 organic phase con5)rising RuH2(H2)2(PCy3)2 is generaUy used as a catalyst 

without further treatment. If desired, the RuH2(H2)2(PCy3)2 can be isolated by 
one of the variety of methods known to those skilled in the art, such as evaporation 
of solvent, crystallization by cooling, or precipitation by addition of a second 
organic solvent which is a poor solvent for RuH2(H2)2(PCy3)2. The exact 

15 isolation procedure depends on the amount and nature of the organic solvent used 
in the preparation. It is desirable to maintain a hydrogen atmosphere as much as 
possible during manipulation and isolation of RuH2(H2)2(PCy3)2 to avoid loss of 
hydrogen from RuH2(H2)2(PCy3)2- 

Nitrile and nitio groiq)S have been very difficult to hydrogenate using existing 

20 catalysts. The ruthenium conq)lexes of the formula Ru(Ti3^5H8-PCy2XPCy3)a 
and RuHa(H2XPCy3)2 are shown in the prcsertt invention to have utility as 
catalysts for hydrogenating nitriles and nitro compounds to primary amines under 
very mild conditions. For example, adq)onitrile can be hydrogenatcd to 
hexamethylenediamine, a key monomer for nylon-6,6 using these ruthenium 

25 cotrq)lexes. 

Suitable nitrile substrates which are applicable in diis hydrogenation 
process of the present invention comprise those having at least one CN group 
which is capable of being hydrogenated to tfie corresponding primary amine. 
Typically, the nittilc substrate is a monommc material widi one or two groups. 

30 However, the nitrile substrate can also be cdigo- or polymeric, with eidier regulariy 
occurring or occasional CN functional groups, comprising, for example, 
fluoronitriles such as F(CF2CF2)nCH2CH2CN wherein n ranges from 2 to about 6. 
Complete reduction of a dinitrile to a diamine is one embodiment of the present 
hydrogenation process. 

35 Suitable nitrile substrates comprise the dasses of linear or branched 

saturated alipharic C2-C18 mono- and C3-C19 dinitriles and phenyl derivatives 
thereof, C4-C13 saturated alicycUc mono- and C5-C14 dinitriles, C3-C18 linear or 
branched olefinically unsamrated aliphatic nitriles, C6-C13 olefinically unsaturated 

10 
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alicyclic nitriles, C7-C14 aromatic mono- anddinitriles, C^-Cg heterocyclic nitrogen 
and oxygen mononitriics, C3-C4 cyanoalkanoic amides, C2-C12 saturated aUphatic 
cyanohydrins or hydroxynitriles, or mixniies of the above-described nitriles. 
wherein said nitriles can also contain non-interfiering substituents. 

5 Exan^les of some substituents which generally do not inteifeie with the 

desired hydrogenation reaction conqirise hydroxyl, amine, ether, alkyl, alkoxy , and 
aryloxy . For exanq>le, cyanohydrins and Iqrdroxynitriles are both acceptable 
nitriles. Unsaturated, hydrogenatable substituents such as aldehyde, ester, amide, 
imine, nitro, alkene, and alkyne are permissible in that they do not interfere with 

10 hydrogenation of the niuile group, but tiiey may tfiemselves be hydrogenated partiy 
or completely in the course of the nitrile hydrogenation. For example, 
2-pentenenitrile can be hydrogenated con^etely to aminopentane. Carboxylic 
acids are generally not acceptable substituents since they react with the catalyst, 
deaaivating it. 

IS Representative examples of specific nitriles qjplicable in the invention 

process conqirise: acetonitrile (C2), propionitrile (C3), butyronitrile (C4), valero- 
nitrile (C5), cqironittile (C5). 2,2-dimcthylptopanenitrile, enantiionitrile (C7), 
c^rylonitrilc (Cg), pelargononitrilc (C9), caprinitrile (C|o), hendecaneniuile (C|i), 
lauronitrile (Ci2)» tridccanenitrile (C13), myristonitrilc (C14), pentadecanenitrile 

20 (C15), palmitonitrile (Cj^), margaronitrile (C^), stcaronitrilc (Cig), 

phenylacctonitrilc (benzyl nitrile), napthylacctonitrile, malononitrile, succinonitrilc, 
glutaronitrilc, 2-mcthylglutaronirrile, adipomtrile, acrylonitrile, methacrylonitrile, 
2-methyleneglutaronitrile, l,4-dicyano-2-butene, 1,4-dicyano-l-butene, 
dodecanedinitrile, 3-buteneintrile, 4*penteneniizile, 3-pentenraitrile, 

25 2-pcntenenitrile, 2-hBxenenitrile, 2-heptenenitrile, glycolonitrile (formaldehyde 
qranohydrin), hydraciylonitrile (ethylene cyanolrjrdrin), eqicyanrfiydrin (gamma- 
cyanopropylene oxide), lactonitrile, pyruvonitrile. cyddicxanecaibonitrilc, 
cyclododecanecarbonitrile, benzonitrilc, o-tolylnitrile, m-tolyhiitrile, p-tolylnitrile, 
anthranilonitrile, m-aminobcnzonitrile, p-aminobcnzonitrilc, 1-napdionitrilc, 

30 2-n^onitrile, phthalonitrile, isoi*ithalonitrile, terephthalonitrile, mandelonitrile. 
2-pyridincnitrile, 3-pyridincnittile, 4-pyridinenitrilc, or 2-furylaceionitrile. 

Prefcned nitriles in the process are adipomtrile, 2-metfiylglutaronitrile, and 
dodecanedinitrile. 

The process can be conducted in the neat state, Le., no solvrat, provided 
35 diat the nitrile and product amine arc liquids at the reaction temperature eihployed 
and tiiat the catalyst is sufBcicmly soluble therein. However, use of a solvent is 
preferred to facilitate contacting of the reactants and removal of heat. The 

11 
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solubflity of the respective materials in the solvent (or mixture of solvents) should 
be significantly large enough to initiate and maintain the hydiogenation process. 

Solvents which are applicable in the invention process must be inert toward 
hydrogenation under the reaction conditions and possess adequate solvating ability 
5 for the substrate nitrile and catalyst 

Although the solvent employed is noimaUy and pieferaWy anhydrous, this is 
not a strict requirement. Whtte the amoum of water prcsem is normaUy, and 
preferably, less than about 0.01 mok of waterper mole of nitrile, larger amounts of 
water, up to about 0.1 to about 1 mole of waterper mole of nitrile, generaUy do 
10 not produce significant amounts of alcohol by-products. In Ae case of a 
hydrophobic nitrile and hydrophobic solvent, large amounts of water, even a 
second Uquid phase, can be present and do not interfere with nonnal 
hydrogenation. Suitable solvents conqjrise Q-C^ non-fiised benzenoid 
hydrocarbons and C,-C,8 alkyl derivatives thereof, C5-C30 linear or branched 
15 saturated aliphatic or alicydic hydrocarbons, C2-C12 al^hatic ethers, C4-C12 

saturated alq)hatic, alicydic or cyclic mono- or diethers. or C7-C14 aromatic ethers, 
or mixnires thereof. By die term "non-fused benrenoid hydrocarbons" is meam 
that if more than one benzene ring is present in the hydrocarbon, the rings are 

isolated and not fused together. Thus, the term encompasses biphenyl, but not 

20 naphthalene. 

Suitable solvents further comprise amines, especiaUy diose amines 
produced by hydrogenation of die above nitriles which are liquid at reaction 
temperature. Representative examples of specific useful solvents are ammonia, 
methylamine, etfiylamine, n-propylamine, isopropylamine, n-butylaminc, 

25 amylaminr, azacycloheptane. 2-methyl-pentamethylenediamine and 

hexamethylenediamine, xylene, hexamethylbenzene, bqihenyl, n^ictadecylbenzene. 
benzene, toluene, pentane, cydopentane, cydohexane, methylcydohexane, hexane, 
isooctane, decane, cydodecane, tetrahydiofuian, p-dioxane, 2,5-dimetfiyl- 
tetrahydrofiiran, meAyl tetrahydrofurfuryl ether, dimethyl ether, 1,2-dimethoxy- 

30 ethane, diglyme,dicthyledier,diisopropyledier,anisole,diphenylethcr, and 

mixtuTes thereof . 

Preferred solvents comprise ammonia, THF, t-butyl medtyl ether, toluene, 
n-amylamine, n-butylaminc, 2-mcthyl-pemamethylenediamine, and hexamethylene- 
diamine. Most preferred, when the amine product of the hydrogenation is a liquid 
35 at reaction temperature, is to use that same amine product as the reaction solvent. 
For example, butylamine can be used as the solvent when hydrogenating 
butyronitrile or hexamethylenediamine can be used as the solvent when 
hydrogenating adiponitrile. 

12 
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The catalyst for this process of the present invention is selected from one of 
the complexes described herein, namely Ru(Ti3-C^g.pCy2XPCy3)Cl and 
RuHa(H2)(PCy3)2, wherein Cy is a cydohexyl group. The amount of catalyst 
used can vary from about 10 mole percent, based on nitrile to be hydrogenated, to 
S about 0.01 mole percent. The preferred amount of catalyst is between about 1 % 
and about 0.1% of the amount of nitrile to be faydrogenated on a molar basis. 
Larger or smaller amounts of catalyst can be used at the expense of catalyst cost or 
reaction time respectively. 

Excess tricyclohexylphosphine can be present if desired and does not 

10 interfere with hydrogenation. Although excess tricyclohexylphosphine is not 

required, the presence of excess tricyclohexylphosphine ensures that there is always 
aifequate tricyclohexylphos{rfune to stabilize the rathenium catalyst, even if 
adventitious oxygen oxidizes a small amount of tricyclohexylphosphine to 
tricyclohexylphospine oxide or other side reactions degrade portions of the 

1 5 tricyclohexylphosphine ligand. Tricyclohexy]plK>s|riiine oxide formed in this 
manner can also be present and does not interfere with hydrogenadon reactions. 
The molar rario of excess tricyclohexylphosphine to mthenium can vary from zero 
to about 60 or more. The prefecred molar rario is between zero and about 30, with 
a molar ratio of about 2 to about 25 being most preferred. 

20 The hydrogenation can be conducted at any convenient temperature, from 

about 0®C to about 200*'C. Lower temperatures require prolonged reaction times 
while higher temperatures reduce catalyst life and reduce the yield of the desired 
primary amine products. The preferred temperature is in the range of about 60**C 
to about 120*'C, with about 80^C to about lOO^C being most preferred. 

25 The source of hydrogen comprises hydrogen gas or mixtures of hydrogen 

gas with other gases which do not interfere with die desired hydrogenation. Non- 
jnterkxmg gases comprise, for example, inert gases, such as helium, argon, and 
nitrogen. Oxygen and carbon monoxide should be avoided since they can react 
with the catalysts. 

30 The pressure employed can be from about 100 kPa (1 atmosphere) to about 

3550 kPa. Elevated pressures are preferred since the solubility of hydrogen is 
increased which leads to higher reaction rates. However, pressures above 
7000 kPa arc generally avoided due to the high cost of equ^mient capable of 
operating at such pressures. Pressures above about 4000 kPa can result in 

35 significant formation of aldimines rather than primary amines, as described below. 
The preferred pressure for production of primary amines in high yield is therefore 
in the range from about 800 kPa to about 3550 kPa. Pressures between about 
800 kPa and about 2000 kPa are most preferred. Tht exact preferred pressure 
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depends to some extent on the substrate, solvent, concentration, and other 
experimental variables. Higher pressures can be enq>loyed if desired to increase 
reaction rate, but the yield of primary amine may be reduced with some substrates 
due to formation of aldimines. In such cases, aldimine byproducts can be reduced 
5 to some extent by lowering AeconcentratiDn of Ac substrate and conducting the 
hydiogenation in a non-anune solvent, which is not capable of reacting to form 
aldimines. Suitable solvents comprise the aromatic and alqriiatic hydtocarbmis and 

ethers described above. 

The complexes of the formula Ru(ti'-C6Hg.PCy2XPCy3)a and 

1 0 RuHCKH2XPCy3)2 ^ c*"*""!^ hydrogenatiOTi of organic nitro 

groups to primary amine groups. For example, nitrobenzene can be hydrogenated 
to aniline. Use of the homogeneous catalysts of die present inventicm in place of 
traditional heterogeneous catalysts for nitro group hydrogenation can facilitate heat 
removal from these hi^ily exothermic hydrogenation reactions and help maintain a 

15 uniform reaction tenqwramre, diereby improving yald of Ae desired primary 
amine. 

Nitro compounds which aic npfUcstolt to the present invention are those 
having at least one NO2 group which is capable of being hydrogenated to the 
corresponding primary amine. Muitq>le nitro groups can be present. Such nitro 

20 conqKJunds can be represented by the fonnula R'N02, where K is a Ci-Ci j 

arrangement of carbon atoms in a linear, branched, or cyclic structure connected by 
single, multq)le or arraiatic bonds, with hydrogen atoms or other non-interfering 
substituents incorporated as appropriate. Examples of some substiments which 
generally do not interfere with the desired hydrogenation conq^rise alkyl, aryl, 

25 hydroxys amine, ether, alkoxy, and aryloxy. Unsaturated hydrogenatable 

substituents such as cyano, ketone, aldehyde, ester, amide, alkene and alkyne are 
pemiissable in that they do not interfere with hydrogenation of the nitro group, but 
they may themselves by hydrogenated partly or completely in the course of die 
nitro group hydrogenation. 

30 The amount of catalyst, excess tricydohexyljrfiosphine, temperature, 

solvents, agitation requirements, and sources of hydrogen are as described above 
for hydrogenation of nitriles to amines. Piessuie can range from about 100 kPa to 
about 15000 kPa. The preferred pressure is from about 700 kPa to about 
7000 kPa. 

35 The hydrogenation of nitriles and nitro compounds of the present invention 

is a two-phase reaction. Therefore, it is essential to provide adequate gas-Uquid 
contact to enable the gaseous hydrogen to dissolve in the Uquid reacdon phase. 
Adequate gas-liquid contact can be f acUitated by any of the various agitation 

14 
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methods familiar to those skiUcd in the art. Typical methods comprise sparging gas 
below the liquid surface in a tank reactor, stirring the liquid in a tank reactor to 
draw gas into the Uquid and create bubbles, use of packing in a tower reactor to 
obtain high liquid surface area, or use of a bubble column reactor, wherein bubbles 
5 of gas aie introduced into the reactor and rise through the liquid phase. 

The present invention further provides a selective reduction process 
wherein a dinitrile is partially hydrogenated to yield an aminonitrile by using a 
ruthenium complex having the fonnula Ru(il3-C^8-PCy3)a or 
RuHa(H2)(PCy3)2 as a catalyst. For example, the major intermediate in 
10 adqxmitrile hydiogcnation, 6-aminoc^nitrile, can be iffq>aied in high yield if the 
hydrogenation is stopped at an intermediate stage. This aminonitrile can then be 
direcdy hydrolyzcd and polymerized to nylon 6. 

The dinitrile of the present process can be any al^hatic dinitrile conqmsing 
about 3 to about 19 carbon atoms, but preferably comprising about 6 to about 12 
15 carbon atoms. Preferably, the carbon atoms are ananged in a linear or branched 
chain. Especially picfetred examples of dinitriles and their products comprise 
adiponitrile hydrogenated to 6-aminocapronitcile, 2-mcthylglutanmitrilc 
hydrogenated to a mixture of two isomeric aminonitriles (5-amino-2-metfiyl 
valeronxtrile and 5-amino-4-methyl valermitrile), and dodecanedinitrile 
20 hydrogenated to 12-aminododecanenitriie. 

The amount of catalyst, excess tricydohexylphosphinc, solvents, 
temperature, pressure, agitation requirements and sources of hydrogen arc the 
same as discussed above for the hydrogenation of nitriles to primary amines. 
The desired product of the selective reduction, an aminonitrile, is an 
25 intermediate in one embodiment of the present hydrogenadon process which 

evenmally results in the formadon of a diamine. The aminonitrile ccmceniration in 
the leacting mixture passes duxmgh a maximum as the reaction progresses. One 
objective of this embodiment of die present invention is to maximize the 
concentration of Ac aminonitrile in the reacting mixture at the highest possible 
30 conversion of the starting nitrile. The yield of the aminonitrile and die position of 
the maximum with respect to dinitrile conversion depend on operating conditions 
such as tenq)erature, hydrogen pressure, amount and kind of catalyst, dilution of 
starting dinitrile, as weU as, die type of solvent These variables in turn influence 
die optimum contact time for die reaction. Conventional nitrile hydrogenation 
35 catalysts such as Raney Ni ftequendy give aminocapronitrile (ACN) selectivities 
approximating dwse expected statistically, assuming die two ends of die dinitrile 
are hydrogenated independendy and at conqjarable rates. Fig. 1 shows die 
calculated statistical ACN selectivity along widi die selectivity acttiaUy obtained 
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using an unpromoted Raney Ni catalyst (Rancy Ni 2800. available commciciaUy 
fiom W. R. Grace and Co.. Baltimore, MD). In contrast, the catalysts of the 
present invention give aminonitrile selectivities higher than those catpecied 
statistically. 

5 The optimum reaction time of the present invention needed to fevor 

fomuiion of an aminonitrile need be deicnnined only once any given set of 
reaction conditions. Once the optimum has been determined, it wiU remain constant 
as long as reaction conditions, such as catalyst, temperature, concentrations and 
pressure are held constant. The contact time in the present selective reduction 
10 process is therefore selected to favor yield of aminonitrile over yield of a diamine. 

The complexes RuCriS-CeHg-PCyzHPCysM^ and RuHaCHjXPCyjh aw 
also useful as catalysts in the reductive hydrolysis of an organic nitrite to an 
alcohol. Significandy, dinitriles can be cleanly converted to diols using a process 
of the present invention. Reductive hydrolyses using the catalysts and process of 
15 the present invention have been found to be exceptionaUy clean and specific. Tlie 
use of RuHa(H2XPCy3)2 P««eired. although Ru(Ti^-C<jH8-PCy2XPCy3)a ^ 
easily used as an alternate catalyst since it has been shown by the present invention 
to quantitatively convert to RnHa(H2XPCy3)2 on exposure to hydrogen. 

Nitrile substrates which are applicable in d» reductive hydrolysis process of 
20 the present invention are those which comprise at least one CN group capable of 
being reductivcly hydrolyzed to the corresponding primary alcohol. TypicaUy, the 
nitrile substrate is a monomeric material with one or two CN groups. However, 
die substrate can also be oUgo- or polymeric, with either regularly occurring or 
occasional CN functional groups, comprising, for example, fluoronitriles such as, 
25 F(CF2CF2)nCH2CH2CN, wherein n ranges from 2 to about 6. Con^>lete reductive 
hydrolysis of a dinitrile to a diol is one embodiment of the present reductive 

hydrolysis process. 

Suitable substrates comprise the classes of linear or branched samrared 
aliphatic C2-C,8 mono- and C3-C19 dinitriles and phenyl derivatives thereof, 

30 C4-C13 sanirated alicydic mono- and Cj-C^ dinitriles. C3-C18 linear or branched 
definicany unsamrated aliphatic nioiles, Cg-Cij olefinically unsaturated alicycUc 
nilriles. CrCi4 aromatic mono- and dinitriles, Cg-Cg heterocycUc nitrogen and 
oxygen mononitriles. C3-C4 cyanoalkanoic amides. C2-C12 samrated aliphatic 
cyanohydrins or hydroxynitrilcs. or mixnircs of the above-described nitrites. 

35 wherein said nitriles can also contain non-interfering substituents. 

Examples of some substioients which generally do not interfere with the 
desired reduction reaction comprise hydroxyl. amine, ether, alkyl. alkoxy, and 
aryloxy. For example, cyanohydrins and hydroxynitriles are both acceptable 
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nitiiles. Unsaturated, hydrogenaiablc substitucnts such as aldehyde, ester, amide, 
imine, nitro, alkene, and alkyne are peimissible in that they do not inteifere with 
reductive hydrolysis of tte nitrile group, but they may themselves be hydiogcnatcd 
partly or completely in the course of the nitrile hydrogenation. For example, 
5 2-pentenemtrile can be reductively hydrdyzed completely to 1-pentanol. 

Caiboxylic acids axe generally not acceptable substituents since they react widi the 
catalyst, deactivating it. 

Representative examples of specific nitriles s^licable in the invention 
process are: acetonitrile (CiX piopionitrilc (C3), butyronitrile (C4). valeronitrilc 
10 (C5), c^ronitxile (C^)* 2,2-dimcAylpropanenitrile, enanthonitrilc (C7), 

caprylonitrile (Cg), pelargononitrile (C9), cqjrinitrile (C^o)* hcndecanenitrile (C^). 
launmitrilc (C12), tridecanenitrile (C13). myristonitrile (C^), pentadecanenilrile 
(C15), palmitonitrile (C15), margaronitrile (Cn). stearonitrile (Cig), 
phenylacetonitrile (benzyl nitrile), napdiylaoetonitrile, malononitrile, succinonitrile, 
15 glutaronxirile, 2-methylglutaionitrile, adipcmitrile, acrylonitzile, methaciyionitrile, 
2-methylencglutaronitrile, l,4-dicyano-2-batcnc, 1,4-dicyano-l-butcne, 
dodecanedinitrile, 3-butenenitrile, 4-pentenenitrile, 3-pemmenitiile, 
2*pemenenitrile, 2-hexenemtrile, 2-heptenenitrile, glycolcmitrile (fonnaldehydc 
cyanohydrin), hydracrylonitrile (ediylene cyanohydiin), eqicyanohydrin (gamma- 
20 cyanopropylene oxide), lactoniirile, pyravonitrile, cyclohexanccartxHiitrile, cyclo- 
dodecanccaibonitrile, benzonitrile, o-tolylnitrile, m-tolylnitrile, p-tolylnitrile, 
anthranilonitrile, m-aminobenzonitrile, p-aminobenzonitrile, l-n^Hhonitrile, 
2-mq>thonitrilc, phthalonitrile, isophthalonitrile, terephdiaionitrile, mandelonitrile, 
2-pyridinenitrilc, 3-pyridinenitrile, 4-pyridinenitxile, or 2-fuiylaoetonitrilc. 
25 Preferred nitriles in the process are adiponitrile, 2-methylghitaronitrile, and 

dodecanedinitrile. Also preferred is 3-cyano mediyl isobutyratc which cycUzes on 
reductive hydrolysis producing 2-nictlQrl-butyiolactone, which can be 
hydmgenated using conventional technology to 3-methyl-tetrahydro£uran, a useful 
monomer for polyalkalene glycols. 
30 Water is a required reactant in the reductive hydrolysis. At least one mole 

of water is required per mole of nitrile, but larger amounts are typically used, and 
quantities of 2000 moles water per mole nitrile or even more can be used. The 
prefened amount of water is about 30 to about 300 moles water/mole nitrile. 
Larger amounts of water enhance selectivity to alcohols but make product isolation 
35 more difficult. Smaller amounts of water reduce the selectivity to alcohols, 
incteasing the amount of amines produced. 

In general the same classes of solvents as cfescribed above for nitrile 
hydrogenation are suitable. However, it is essential that adequate water be 
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available to the reacting nitrile to achieve the desired reductive hydrolysis, 
producing alcohol, rather than simple hydrogenation which would produce amine. 
There are three possible modes of operation: (a) neat, i.e., without any solvent 
other than starting nitrile or pioduct alcohol, (b) with a water immiscible solvent, 
5 or (c) with a homogenizing solvent 

The piefcned mode of operation depends on the natuie of the nitrile being 
reacted, keeping in mind the necessity of providing adequate water for reductive 
hydrolysis to occur rather than simple reduction, "nje main criterion is the ability 
of the nitrile or jnoduct alcohol to dissolve the leactants (nioile, catalyst, and 
10 water) sufficiently to enable reductive hydrolysis to occur. 

"HydrophUic- and some "amphiphiHc" nitrile leactants, tfiose which arc liquid 
at reaction temperamre and which arc sufficiently good solvents for both catalyst 
and water at the reaction temperature for reductive hydrolysis to occur, are 
amenable to operation in the neat mode. Similarly, when the produrt alcohol is a 
15 good solvent for the starting nitrile. catalyst, and water, the product alcohol itself 
can be used as the solvent Lower nitrites such as acetonitrite or propionitrile could 
thus use the product alcohol as the solvent Adiponitrile and methylglutaronitrik, 
though not miscible with water at ambient temperamre, become misciWe at elevated 
temperanues, tfierefore, they can also be considered candidates for operation in the 
neat mode. Even nitriles which are not completely miscible witfi water are amenabte 
to the neat mode provided they are capabte of dissolving catalyst and sufficient water 
to favor reductive hydrolysis over simple hydrogenation. 

The purpose of using a water-immiscible solvent is to facilitate recovery 
and recycle of catalyst in die case where die product alcohol is wattx solubte. This 
mode is feasibte when the nitrite or product alcohol is a suffictently good solvem 
for both catalyst and water to favor reductive hydrolysis over simpte hydrogenation 
to amine. The warer-solubte produa can be sepanaed bom the water-insolubte 
catalyst by skaplt decantation and/or extraction procedures. 

Suitable water-immiscible solvents comprise a%hatic and aromatic 
hydnxarbons. and water immisdbte ethers. Prefiened solvents are tohiene and 
t-butyl methyl ether. 

The water-immiscibte solvent mode is not appUcabte with hydrophobic nitriles, 
e.g.. dodccanedinitrile or a-mediyl benzyl cyanide, due to insuffictent contaa with 
water, resulting in hydrogenation to amine rather than reductive hydrolysis. 
35 With hydrophobic nitriles such as dodecanedinitrite or o-methyl benzyl 

cyanide, a homogenizing solvent is required. This solvem need not be miscibte 
with water, but must be capabte of dissolving nitrile. catalyst, and sufficient water 
to favor reductive hydrolysis over hydrogenation. All the solvents described above 
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for hydrogenation of nitrilcs to amines can be considered, but the preferred 
solvents are the lower boiling alcohols and ethers, for example, dimethoxyethane, 
p-dioxane, tetrahydrofuran (THF), 2-methoxyethanoi, 2-ethoxyethaiiol 
(CcUosolve*). and 2-butoxycthanol (butyl cdiosdve). THF is most prefened. 

The amount of catalyst, excess tricydohexylphosphine, temperature, 
agitation requirements and sources of hydrogen are the same as discussed above 
for hydrogenation of nitriles. 

The pressure employed can be from about 100 kPa (1 atmosphere) to about 
15000 kPa. Elevated pressures are preferred since the solubiUty of hydrogen is 
increased which leads to higher reaction rates. However, pressures above about 
7000 kPa are generally avoided due to the high cost of equ^wnent enable of 
operating at such pressures. The preferred pressure is in the range of about 
700 kPa to about 7000 kPa. 

The present invention farther provides a selective reductive hydrolysis 
15 process wherein a dinitrile is partially hydrogenaied to yield a hydroxynitrile using 
a ruthenium complex having the fomiula Rn(il3^6Hg-PCy2XPCy3)a or 
RuHa(H2XPCy3)2 as a catalyst. For exanq>le, the major intermediate in the 
reductive hydrolysis of adiponittile, 6-hydroxycqironitrile, can be prepared in high 
yidd if the reductive hydrolysis is stopped at an intermediate stage. 
20 Hie dinitrile of the present process can be any aliphatic dinitrile comprising 

about 3 to about 19 carbon atoms, but preferably comprising about 6 to about 12 
carbon atoms. Preferably, the carbon atoms are arranged in a linear or branched 
chain. Especially prefened examples of dinitriles are adiponitrile and dodecanedinitrile. 
The amount of catalyst, excess tricydohexylphosphine, teix^rature. 

25 solvents and modes of operation, amounts of water, pressure, agitation 

requirements and sources of hydrogen are the same as discussed above for the 
reductive hydrolysis of nitriles. 

Hie desired product of tte selective reductive hydrdysis, a hydrcaynitrile, 
is an intermediate in one embodiment of the present redutive hydrolysis process 

30 whidi evemually resdts in the formation of a diol. The hydroxynitrile 

concentration in the reacting mixture passes through a maximum as the reaction 
progresses. One objective of this embodiment of the presem invention is to 
maximize the concentration of the hydroxynitrile in the reacting mixture at the 
highest possible conversion of the starting nitrile. The yidd of the hydroxynitrile 

35 and the position of the maximum with respect to dinitrile conversion depend on 
operating conditions such as temperature, hydrogen pressure, amount and kind of 
catdyst. dilution of starting dinitrile, as wdl as. the type of solvent. These 
variables in turn influence the optimum contact time for the reaction. 
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The optimum reaction time of the present invention needed to favor 
fomiation of a hydroxynitrUe need be determined only once for any given set of 
reaction conditions. Once the optimum has been detemmied, it wiU remain 
constant as long as reaaion conditions, such as catalyst, temperature, and pressure 

5 are held constant. The contact time in the present selective reductive hydrolysis 
process is therefore selected to favor yield of hydroxynitrile over yield of diol. 

Complexes of the formula Ru(T^3<:gHg-PCy2)(PCy3)Cl and 
RuHa(H2)(PCy3)2 are also usefid as catalysis for reductive imination of nitriles to 
aldimincs. For example, adiponitrile can be hydrogenated using RuHa(H2KPCy3)2 

10 in the presence of n*utylamine to produce 5-formylvalcroniirilc butylimine and 
adipaldehyde dibutylimine as iUustrated by the foUowing equations. 

™ fot»ylv«l.ronitril« «dip«ld«h,d. 

butylinln. dlbutylJaln. 

Tbe imine products are fomned with greater than 95% selectivity at complete 
adiponitrile (ADN) comwsion, with only traces of primary and secondary amine 
by-products. TTm advantages of using the mthenium con^lexes of the present 
15 invention as catalysts are high reaction rate and high selectivity to aldiniines. 

A primary amine is a required reactant in die reductive imination reaction. 
The amine can be forawd in situ (for example, by initial hydrogenation of nitrile) or 
can be added as a separate ingredient. At least one mole of amine is required for 
one mole of aldimine to form, but larger amounts, as much as 30 moles of amine 
20 per mole of nitrile or even more, can be used to increase die rate of reductive 

imination compared to simple hydrogenation, thus increasing the yield of aldnnines 
compared to amines. Suitable primary amines con^rise the oonqxHmds RNH2. 
wherein R is an aliphatic, or alicycic or aromatic hydrocarbyl group, that is a linear, 
branched, or cycUc arrangement of carbon atoms connected by single, multiple, or 
25 axomaric bonds only, with hydrogens attached as appropriate. R can optionaUy be 
substituted widi atoms or functional groups which do not interfere with the desired 
chemistry, such as hydroxy, ether, amide, ester, alkoxy or aryloxy groups. 
Examples of suitable primary amines include methylamine, ethylamine, n- 
propylamine, isopropylamine, n-butylamine, isobutylamine, tert-butylamine, 
30 cyclopentylamine. cyclohexylaminc, benrylamine, and aniline, and o-. m-, or p- 
tohiidine. Preferred primary amines induden4jutylamine,aminocapronitrile, 
hexamethylenediamine. S-amino^methyl-valeionitrile, 5-amino-2.methyl- 
valeronitrile, 2-tnethyH,5-diaminopentane, 12-aminododecanenitrile, and 1.12- 
diaminododecane. 
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The amount of catalyst, excess tricyclohexylphosphinc, texnperatuic» 
solvents, agitation icquiicments, and sources of hydrogen arc as described above for 
hydrogenation of nitriles to amines. A preferred mode of operation is with use of the 
primary amine as reaction solvent. This provides for the highest possible ratio of 

S amine to nitxile (about 25 to about 30 moles of amine per mole of nitrile, or more) 
and maximizes formation of the aldimine product compared to primary amine. 

The key variable in detemiining whether a niirile is hydrogenated to amine 
or reductively iminated has been found to be hydrogen pressure. As illustrated by 
the detailed examples of the present invention with the rothemium complex having 

10 the formula RuHa(H2XPCy3)2 as catalyst znd n-butylamine as solvent, at 860 kPa 
H2, ADN can be hydrogenated normally, via ACN. to HMD, while at 7000 kPa 
H2, reductive imination can occur, forming S-formylvalcronitrile butylimine and 
adipaldehyde dibutylimine. 

One possible explanation for this dramatic change in selectivity is suggested 

15 by the ability of these mthcnium conq>lexes to form dihydrogen conq)lexes. Nitrile 
hydrogenation is thought to proceed by coordination of nitrile to catalyst followed 
by stepwise addition of two moles of hydrogen. After the first addition, it is 
thought that an intermediate imine conq)lex is formed. Usually » addition of the 
second mole of dihydrogen is rapid, forming amine. However, if dihydrogen is 

20 able to displace the intermediate imine from the mtheruum conq)lex catalyst, 

addition of die second mole of dihydrogen may be slowed significantly, allowing 
the intermediate imine to react with amines present in the mixture to form 
aldimines, as outlined below. 

[Rul-NH^ + H2 ^ IRUJ-H2 + ^NH 

II C 



25 



CHR 



free Imlne 



R ^NH ♦ R'NH2 yj^' + 

I aldimine 
H 



Higher hydrogen fmssures increase the concentration of dihydrogen in 
solution, thereby increasing its ability to form conq>lexes with the catalyst. It 
should be understood that this is only one possible explanation, and that it is not 
30 necessary to understand the exact mechanism by which aldimines are formed in 
order to successfully apply the present inventioa 

Pressure can range from about 1000 kPa to about 15000 kPa. Higher 
pressures can be used but are generally avoided due to the increased cost of 
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equipment capable of operating at those pressures. Use of lower pressures can 
result in fonuation of amines rather than aldimines. 

Preferably, the reductive iminarion process of the present invention occurs 

at a pressure of about 1825 IcPa to about 7000 kPa. 
5 Another embodiment of the present invention is a simple process for 

separation of the ruthenium comploi catalyst from hydrogenation or reductive 
hydrolysisproductcompoundsandrecydeofthecatalyst. Conventional methods of 
accomplishing such separations include fractional distillation, fractional 
crystaIli2ation, extraction, and chromatography. Distillation methods in particular 
10 are very commonly used, where, for example, hexamethylenediamine may be 

separated from the less volatile hydrogenation catalyst by fractional distiUation, but 
the high temperawre and sub-atmospheric pressure required, due to the relatively 
high boiling point of hexamediylenediamine, may adversely afSect catalyst stability. 
Unlike most homogeneous catalysts, the catalysts of the present invention 
15 are unexpectedly stable in the presence of water. Uterefore, in cases where the 
product compounds are soluble in water, and where a reaction solvem is employed 
which is immiscible with water, the product compounds can be separated from the 
catalyst and reaction solvert by extraction with water. Hie catalyst is essentiaUy 
insoluble in water and remains dissolved in the reaction solvem whUe the water- 
20 soluble product compounds are removed imo the water extracts. The resulting 
solution of catalyst in the reaction solvent, which can be dried if desired, is then 
recycled. The product compounds can be recovered from the water extracts by 
distiUation or any other desired method, without concern for catalyst stabiUty. 
Advantages of separation by water extraction comprise simplicity, mild 
25 conditions, and low energy consumption. In particular, the extraction can be 
conducted at mild temperatures, between about 20«C and about 100»C, and mild 
pressures, between about 100 kPa and about 500 kPa, which are desirable from die 
stand^Kiiiit of maintaining catalyst stability. 

KXAMPLES 

30 All manipulations were carried out in a Vacuum Atmosirfieres glove box 

(Vacuum Atmospheres Company, Hawtiiome. CA) with continuous nitrogen 
purge. Reactions involving hydrogen at pressures of less than 860 kPa were 
carried out in a 50 mL Fischer-Porter nibe. ffigher pressure reactions involving 
hydrogen were carried out in a 50 mL HastaUoy C autoclave (Autclave Engineers, 

35 Erie, PA) stirred at 1500 rpm witii a gas-inducing mrbine blade agitator. Reactor 
loading and unloading was within die glovebox. 

Hydrogenation products were analyzed by gas chromotography using a 
0.53 mm internal diameter x 30 m long DB-5 column from J&W Scientific, 
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Folsom, CA. Infrared spectra were obtained on a Nicolet 205 FTIR spectrometer. 
NMR spectra were obtained on a GE QE 300 (300 MHz ^H, 121 MHz 31?) 
spectrometer. Positive H and P shifts were reported as downfield from external 
TMS or H3PO4 respectively. 

5 (COD)Rua2 was prepared according to the method disclosed by M. O. 

Albeis et al., Inorganic Syntheses, 1989, 26, 68. Tricydohexylphosphinc is 
available from Strem Chemical Co.. Ncwbmyport, MA. Trimcthylsilyl- 
mediylmagncsium chloride, (CH3)3SiCH2Mga and Aliquat 336* arc available 
frOTiAldrich Chemical Co. Milwaukee. WI. Petroleum ether, toluene and 

10 tetrahydiofiiran was purified before use by distillation from sodium benzophenone. 
A^TbrrviatiftP^ throughout are 



30 



ACN 


aminocapronitrile 


ADN 


adiponitrile 


COD 


1 ^-cyclooctadiene 


CPI 


2-cyano cyclopentylimine 


cy 


cyclohexyl 


DMF 


N,N-dimethyl formamide 


DNPOP 


dinitrodq)henyl ether 


DytekA* 


2*methyl-pentamethylene diamine 


Et 


ediyl 


HMD 


hexamethylenediamine 


HMI 


hexamethyleneimine (aka azacydohqitane) 


kPa 


kilo Pascals 


Me 


methyl 


MGN 


2-methylglutarQmtrile 


MTBE 


methyl t-butyl edier 


Ph 


phenyl 


THA 


tetrahydroazq>me 


THF 


tetrahydrofuran 




moles of product formed/moles of reactant charged x 100% 


Yield: 



Selectivity: moles of product fonnedAnoles of leactant consumed x 100% 



PXAMPLEl 
Preparation of Ru(T^3-CAH«-PCy?)(PCy-^)a 
35 A mixture of 4.0 g (C0D)Rua2, 1 2,0 g tricyclohexylphosphine and 

200 mL THF was stilted for 15 minutes. Then, 16 mL Me3SiCH2Mga (1 M in 
Et20,) was added over approximately 2 minutes. The resulting mixture was stined 
for 16 h at 20'»C. The THF was dien removed, in vacuo, to dryness. The residue 
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was extracted twice with 50 mL portions of toluene, and the extracts weic filtered 
tfuough a medium porosity Mtted-glass funnel. The toluene was removed, in 
vacuo, to dryness, and the dark red-purple semisoUd product was stirred with 
petroleum ether to give a powdery solid, which was collected by filtration and 

dried in vacuo. Yield 6.25 g. 

Gas chromatographic analysis of the volatile products lecovered from a 
Ru(ii3^6H8-rcy2Xrcy3)a preparation showed Ae presence of cydooctene and 
tttramediylsilane. 

An analytical sample of RuCTi^XTgHg-PCyaXPCysKl was recrystallized by 
dissolving 0.2 g erode Ru(n3-CeH8-PCy2)(PCy3)a in 4 g boiling 1,2-dimethoxy- 
ethane, rapidly filtering whfle hot (syringe filter), and slow cooling. The 
supernatant was decanted and die crystals washed twice with small portions of 
diethylethcr, then dried briefly in vacuo. The dark purple crystals were individual, 
weU-formed needles, but an attempt to obtain an x-ray crystal structure showed 
15 them to be twinned. Elemental analysis Found: C 60.78, 61.21, H 8.84, 9.10. 

P 8.26. 8.61. CI 5.38. 4.2. Calculated for RuC3<5H<i3P2Cl: C 62.27 H 9.15 P 8.92, 
05.11- The mole ratios of elements calculated from die analysis were C: 35.6, 
H: 63.0, P: 1.9, CI: 0.8 and were consistent witfi Aat expected based on the 
molecular formula (C: 36, H: 63, P: 2, Q: 1). Further, NMR confirmed die 
20 number of C, H, and P atoms present. 

Cryoscopic molecular weight, in benzene, showed the complex to be 
monomeric and agreed with die proposed structure: Found 678. Calculated 694. 

KyAMPLE2 

AHip»nitrile H ydrogenation using Rudl^-C^Hn -PCv^VPCyaKJ as catalyst 
25 Amixwie of 0.055 g crude Ru(Tl3^6H8-PCy2)(PCy3)Cl (0.08 mmol). 

0.067 g adiponitrile (ADN) (0.62 mmol) and 0.064 g aminocapronitrile 
(0.57 mmol) in 35 mL toluene was pressured witii hydrogen to 860 kPa and heated 
to 60"C. After 6 hours, all of the adiporatrfle had been hydrogenated and the 
composition as determined by gas chromatography, was 60% hexamediylene- 
diamine (HMD) and 40% aminocapronitrile. Aminocapronitrile is the main 
intermediate when ADN is hydrogoiated to HMD, diereforc diis experiment 
demonstrated d» hydrogenation of aminocapronitrile to HMD. 

Pm panuion of RuHa(H 7yPCY.V> from Rufil3^fiHn-PCv,)(PCy,)a 
Amixmre of 0.3 g erode RuCn^-CfiHg-PCyiXPCysK^ (0.432 mmol) and 
10 mL petroleum edjer was treated widi 930 kPa H2 for 3 hours at 20«C. The 
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yeUow-orange precipitate was colleaed by filtration and rinsed with cold 
petroleum ether, then dried under nitrogen (yield 0.0734 g, 0.104 mmol, 24%). 

RXAMPLE4 

Alternate Pieparation of RuHa(H?XPCv7)-> ftDmRu(Tl 3-C^a-PCy?XPCy^Xn 
5 A deep purple solution of 1 .08 mmol Ru(ti3-C6Hg-PCy2XPCy3)a in 

-15 mL petroleum ether was treated with 860 kPa H2 for 22 hours. The resulting 
yeUow, powdery precii»taie was collected by filtration, rinsed wiA a smaU amount 
of cold petroleum edier, and dried under N2 to give 0.6764 g RiiHa(H2XPCy3)2 
(0.97 mmol, 90% yield), 
10 EXAMPLES 

ADN HydiPgenation using RuHa(H'>y PCv»V> as catalyst 

A solution of 0.069 g RuHa(H2)(PCy3)2 (0.1 mmol) and 0.59 g adiponitrile 
(5.5 mmol) in 35 mL n-butyl amine was charged to a Fisher-Portw tube, pressurized 
to 860 kPa with H2. and heated to SO'C. Samples were withdrawn periodically and 
15 analyzed by gas chromotogr^l^ to follow the course of the rcacti<m. The ADN 
was smoothly hydiogcnated, via aminoc^wonitrilc (ACN) as intermediate, to 
hexamethylenediamine. After 8.3 hours, the hydrogenation was conq>lete (all ADN 
and ACN consumed) and the yield of HMD was 89%. 

EXAMPLE 6 

20 Preparation of RuH2(H2)2(PCy 3)2 

Ru(n^-CftH«-PCy?XPCy^Xn or from RuHa(H?)(PCy^)2 
Since Ru(Ti3-C6H8-PCy2KPCy3)a was found to rapidly convert to 
RuHa(H2)(PCy3)2 upon exposure to hydrogen, either one can be used as starting 

material for the preparation of RuH2(H2)2(PCy3)2- 
25 FyAMPLE6A 

Preparation of RuH,(H7)?(PCviV> frDmRu(T^3^ftHff-PCv'>XPCy^)Cl 
A mixture of 0.2614 g Ru(il3-C6H8-PCy2XPCy3)a, 15 mL benzene, and 
0.0378 g benzyl triethylammonium chloride (as phase-tiansfer catalyst) was placed 
in a 50 cc Fisher-Porter tube and 1 mL of 50% aqueous NaOH was added by 
30 syringe under a counterstream of hydrogen. The mixnire was pressured to 
860 kPa H2 and stiiied for 22,3 hours. Phosphorus nmr showed a singlet at 
79 ppm and proton nmr showed a hydride at -7.9 ppm, indicating the major 

product to be RuH2(H2)2(PCy3)2- 

EXAMPLE 6B 

35 Preparation of RuH>>(H,)?(PCva)-> from RuH Q(H>>XPCyrt)7 

A Fisher-Porter mbe was charged widi 0.7 g RuHa(H2XPCy3)2 
(1.0 mmol), 25 mL toluene, and 1 drop of Aliquat 336*. Under a counterstream 

25 
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Of hydrogen. 1 mL of 50% aqueous NaOH was added. TTic tube was pressurized 
to 860 kPa with hydrogen and stirred for 19.5 hours. The hydrogen was vented 
and the xeacdon brought into the glovebox. where the pale yeUow toluene phase 
was separated from the milky white aqueous phase. The organic phase was 
5 washed with water to remove any residual caustic. The major component as 
determined by 3lp nmr, was RnH2(H2)2(PCy3)2- 

FyAMPLE? 
Selective hydrogenation of ADN to ACN 
min p RuHa(H->)(PCyi)7 in n-bntyiaro ine and complete hvdroRenation to HMD 

10 A mixture of 0.1 mmd RuHaOlzXPCyah «^ 5.1 mmd ADN in 35 mL 

n-butylaminewasheatedinaRsher-PorternibeateCCunderSeOkPaHz. After 

2.3 h, the ADN conversion was 96% and the ACN selectivity was 61%, vs 32% 

expected statistically at that conversion (see Fig. 1). The hydrogenation was 

continued, and after 4.5 hours, the ADN conversion was 100% and the yield of 

15 HMD was 90%. 

EXAMPLE 8 

ADN hydrogenation using RuHa(H? VPCv-»)o in n-amvlamine 
A mixture of 0. 106 mmol RuHamjXPCys)! ^ 6.46 mmol ADN, and 
0.244 mmol PCy3 in 35 mL n-amylamine was heated in a Fisher-Porter tube at 
20 80»C under 860 kPa H2. After 6.0 hours. ADN conversion was complete and die 
yield of HMD was 97%. 

RyAMPLE9 

Dodecanedinitrile hvdrogenaticM in toluene /water using RuHaffl->)PCyt)7 

A mixture of 0.059 mmol RuHa(H2XPCy3)2. 2.87 mmol 
25 dodecanedinitrile, 5 mL water and 35 mL toluene was stined in a Fisher-Porter 

tube at 80*0 under 860 kPa H2. After 22 hours, gc analysis showed that the 
dinitrile was conq>letely convened and the product, 1,12-dodecanediamine, fonned 
in 85% yield. 

EXAMPLE IQ 

30 Hydrogenation of a^nediyl benzyl cyanid e in toluene/HiO 

A mixture of 0.0761 mmol RuHQCHzXPCysh. 81 a-methyl benzyl 
cyanide, 0.1 1 g cydododecane (g.c. internal standard), 5 mL water, and 30 mL 
toluene was stirred in an autoclave and heated to 80°C under 7000 kPa H2. After 
4.1 hours, gc analysis showed 1% unreacted nitrite, 9% 2-phenylpropanol and 89% 

35 2-phenylpropylamine. 
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rnMPARATIVK EXAMPLE A 
Comparison ADN hydrogenation using RuHQ(PPh^)^ 
A mixture of 0.02 mmol RuHa(PPh3)3 and 0.32 mmol ADN in 30 mL 
toluene was heated in a Fisher-Porter tube to SO'C under 860 kPa H2. After 
5 2 hours, gc analysis showed diat no hydrogenation had occoned. The mixture was 
heated under 860 kPa H2 to 135<»C overnight. GC analysis showed that no 
hydrogenation had occurred. 

EXAMPLE 11 

ADN reductive hydrolysis using RiiHa(H->XPCv^)7 in THF 
10 A mixture of 0.1068 mmol RuHa(H2XPCy3>2, 5.43 mmol ADN, 16.9 g 

water and 17.7 g THF was stirred in an autoclave at 80*^0 under 7000 kPa H2. 
After 2.5 hours, gc analysis using an internal standard method showed that all the 
ADN had been consumed and the yield of 1,6-hexanediol was 95%. No ACN or 
HMD was detected. The remaining 5% of die ADN was accounted for as 
15 hcxamediyleneimine (HMI). Mass balance was excellent, indicating that no 
significant nitrile hydrolysis to amides, adds, or esters occurred. 

EXAMPLE 12 

ADN reductive hydrolysis using RuHa(H7XPCyih in toluene 

A mixture of 0. 1 mmol RuHa(H2XPCy3)2, 535 mmol ADN, 5 g water 
20 and 35 mL toluene was stirred in an autoclave at 80**C under 7000 kPa H2. After 
5.5 hours, gc analysis showed tfiat all die ADN had been converted to a mixture of 
84% hexanediol and 16% aminohexanol. 

EXAMPLE 13 

MGN reductive hydrolysis using RuHOCH-jXPCy^h 
25 A mixnire of 0.1 nrniol catalyst, 5.43 mmol MGN, 17.7 g THF, 16.3 g 

water, and 0.1435 g cyclododecane (internal standard for gc analysis) was stirred 
in an autoclave and heated to 80X under 7000 kFaH2. After 1 hour, die MGN 
conversion was 96% and the selectivity to hydroxynitrile was 88%. After 4 hours, 
die MGN was conq)letcly converted and the yield of 2-niediylpentanediol was 
30 90%. 

EXAMPLE 14 

Glutaronittile reduaive hydrolysis using RuHQ(H-^XPCy^)7 
A mixture of 0.1 mmol RuHa(H2XPCy3)2, 5.26 mmol glutaronitrile, 5 g 
water and 35 mL toluene was stirred in an autoclave at SO^^C under 7000 kPa H2. 
35 After 7.6 hours, gc analysis showed diat the glutaronitrile conversion was 99% and 
the yield of 1,5-pcntanediol was 89%. 
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PXAMPLE 15 
Dodecanedinitrile reductive hydrolysis 
in THF/water using RuHaCH^XPCy^)! 

A mixture of 0.066 mmol RuHa(H2)(PCy3)2, 2.95 mmol 
5 dodecanedinitrile, 15 mL water and 20 mL THF was stirred in a Fisher-Porter tube 
at 80"C under 860 kPa H2. After 22. 1 hours, gc analysis showed that the dinitrile 
conversion was 97% and the yield of 1,12-dodecanediol was 78%. Most of the 
remaining dinitrile (17%) was accounted far as 12-hydirotydodecaneiutrile, the 
half-reductively-hydiolyzed intennediate, suggesting that the ultimate yield of diol 
10 would have been higher at longerieactiontioie. 

raCAMPLEie 
Reductive hydtoWsis of methyl 3-cvano-isobutvrate 
A mixture of 0.05 mmol RuHa(H2XPCy3)2. 0.54 mmol methyl-3-cyano- 
isobutyrate (picpaied by addition of HCN to methyl mcthacrylate), 17.7 g THF, 
15 15.3 g water, and 0.0596 g cyclododecane (internal standard for gc analysis) was 
stirred in an autoclave and heated to 100°C under 7000 kPa H2. After 3.2 hours, 
the nitrile was completely and cleanly converted to methyl-butyrolactone, which 
formed by transesterification/cycliiation of the intermediate hydroxyester, metlqrl 
2-niethyl-4-hydroxybutyrate. 
20 RXAMTLEl? 

Reductive hydrolysis of tt-methyl benzyl cyanide in THF 
A mixmre of 0.0761 mmol RuHa(H2XPCy3)2. 7.8 mmol o-metfiyl benzyl 
cyanide. 15 mL water, and 20 mL THF was stined in an autoclave and heated to 
80"C under 7000 kPa H2. Afker 5.6 hours, gc^ analysfa showed that die nitrile 
25 was conqjietely converted to a mixture of 79% 2-phenylpropanol and 21% 
2-phenylptopylamine. 

RXAMPLE 18 
Reductive hydrolysis of optically active 
2-(a-cyanoethvl)-6-metfioxY naphthalene using Ru Ha(H'>KPCy^)2 
30 Note ftat the nitrile used in this example was a diiral substrate, initially 

with 73% enantiomeric excess (ee). 

A mixmre of 0.0521 mmol RuHa(H2XPCy3)2. 0-53 mmol nitrile. 15 mL 
water, and 20 mL THF was stirred in an autoclave and heated to 60''C under 
800 kPa H2. After 6.2 hours, gc analysis showed the yield of alcohol to be about 
35 50%. Analysis of the alcohol (isolated by tfiinUyer chromatography and identified 
by nmr) by liquid chromatography on a chiral column showed it to be about 35% ee. 
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rOMPARATIVF. FXAMPLE B 
/^tTff mptg^ Reductive h Yf^mlvysis of ADN using Rancv Ni 
A mixture of 0.2 g water-wet Cr-promoted Raney Ni (W. R. Grace's 
"2400", Baltimore, MD), 0.60 g ADN, 30 mL water, and 5 mL toluene was heated 
5 to80^CinaFishcr-Portertubeunder860kPaH2. After 8.1 h, the ADN was 
completely consumed. The main products were ACN, HMD, and HMI. No 
hexanediol was detected. 

rOMP AR ATfVE EXAMPLE C 
Atten^Jied Reductive hydrolysis of ADN 
10 using a palladium on carbon catalyst (Pd/C) 

A mixture of 5 mmol ADN, 1.1 g 0.5% Pd/C, 15 g water and 17 g toluene 
was heated to HO^'C in a Fisher-Porter mbe pressurized to 860 kPa with hydrogen. 
After 6.3 h, gc analysis showed that 96% of the ADN had been converted. The 
major product was tris(5-cyanopentyl)amine (about 58%) with lesser amounts of 
15 di(5-cyanopentyl)aminc ( 14%) and 5-cyanopcntyl HMI (14%). Only a trace of 
ACN was observed. No significant amount of alcohol was formed. 

(-OMPARATIVF RXAMPLB D 
Attempted Rffrincrive hydro lvxis of ADN nsinf a Rh/MoO Catalvst 

A sanq)le of Rh/MgO was prepared according to the procedure described 
20 by F. Maies et al., J. Catal., 1 12, 145 (1988), and in U.S. 4389.348 (1983), and 
U.S. 4,601,859 (1986). A mixture of 0.25 g of the Rh catalyst, 0.58 g ADN, 
15 mL water and 20 mL THF was stirred and heated in a Fishcr-Poiter tube at 
SO^'C under 860 kPa H2. After 3.8 hours, gc analysis showed 82% ADN, 5% 
ACN, and 1% hydioxycapronitrilc, as well as other products. The low conversion 
25 showed the relatively low activity of tfiis catalyst, and die 5:1 ratio of 

ACN:hydroxynitrilc clearly showed that hydrogenation predominated over 
reductive hydrolysis. 

EXAMPLE 19 
Selective hydrogenation of ADN to 
30 5>fomiylvaleronitiile butyBmine and adioaldehyde di butylnnine 

A solution of 0.1 mmol RuHa(H2XPCy3)2» 0.24 mmol PCy3, and 
5.36 mmol ADN in 35 mL n-buQrlamine was heated in a stined autoclave at 60*'C 
under 7000 kPa H2. After 1 h, gc analysis showed that the ADN conversion was 
about 84%. However, only 2% of the ADN was converted to ACN. The 
35 remaining ADN was accounted for as 5-fomiylvaleronitrile butyliminc (84% 

selectivity, 71% yield) and adipaldehydc dibutylimine (13% selectivity, 1 1% yield). 
The products were identified by gcAns, and 5-fonnylvaleronittile butyliminc was 
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also synthesized from 5-fonnylvaleronitiile and butylamine to confinn the gcAns 

and gc retention time. 

AUowing the hydrogenation to continue resulted in further conversicm of 
the intermediate 5-formylvaleionitrile butylimine to adipaldehyde dibutylimine. 
After 7 h. die composition was <1% ADN. 9% S-ftrnnyWakronittfle butylimine. 
and 90% adqjaldchyde dibutylimine. 

A series of experiments wiA similar coin)osition to the one immediately 
above but with varying hydrogen pressure was canied out to determine die effect 
of pressure on product selectivity in hydtogenations using RuHa(H2XPCy3)2 Afl 
rons used 0.1 mmol RuHCa(H2XPCy3)2. 0.2 mmol extra PCyj. and 5-6 mmol 
ADN in 35 mL n-butylamine solvent. Hydrogenaiions were conducted at 60°C for 
7 hours and the products were analyzed by GC, with the results shown in the table 
below. In this case, primary amines were produced at pressures of less than about 
3550 kPa, preferably at or below about 1825 kPa, most preferably at or below 
15 about 790 kPa. Aldimines were produced at higher pressures of about 1825 kPa to 
about 7000 kPa, preferably at or above about 3550 kPa. most prefcraby at or 
above about 7000 kPa. At intermediate pressures where the above ranges overlap, 
mixtures of amines and aldimines were obtained. 

labie 

Nonnal Aldimines 

Hydrogen Piessme primary amines (5-f(mnylvaleio-nitrile butylimine 

(ACN + HMD) and adipaldehyde dibutyUmine) 



(kPa) 
790 



94% 0% ** 

(THA + HMI) 



1825 75% 25% 

3550 10% 90% 

0% 99% I* 



7000 



PVAMP1^20 

20 Hydrogenation of 4.4-dinitrodiphenvlether (DNP OP) using RuHa(H?XPCy^)2 

A mixture of 0.04 mmol RuHa(H2XPCy3)2 ^-^ 
35 mL toluene was heated in a Fisher-Porter tube at 60*0 under 860 kPa H2. 
After 3 hours, the composition was 2% DNPOP. 91% 4-aniino-4'- 
nitrodiphenyletf>er,and7%oxydianiline. Selectivity to the amino-nitro 
25 intermediate was 93% at 98% DNPOP conversion. After 22.3 hours, all of die 
DNPOP had been converted, and die pnxiucts consisted of 33% 4-amino-4- 
nitxodiphenjiether and 67% oxydianiline. 
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EXAMPLE 21 
Nitrobenzene hydrogenation using RuHQCH-yXPCy-^)? 

A solution of 0.1 mmol RuHa(H2XPCy3)2 and 1 mL nitrobenzene in 
35 mL toluene was heated in a Fisher-Porter mbe to 60°C under 860 kPa H2. 
S After 6 hours, 2S% of the nitrobenzene had been converted cleanly to anilme. 
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What is daimed is: 

1 A nithenium complex having die fonnula Rn(Ti3^^g. 

PCy2XPCy3)a, wheiein Cy is a cydohexyl group. 

2. A process for the piepaiation of a luihenium complex having the 

5 fonnulaRu(Ti3-C6H8-PCy2)(PCy3)a. wherein Cy is acydohexyl^^ 
comprising: (a) contacting a ruthenium compound of the formula RI2RUX2. 
wheiein Ri is a mono- or poly-, cydic- or acydic alkene ligand, presem as either 
two separate ligands or as a single polyalkene ligand and X is a halidc or a 

pseudohalogen; with tiicydohexylphosphine in the presence of a solvent; 
10 (b) adding a base to the solution; and (c) isolattag the luthenium complex ftom the 
solution. 

3. The process of Claim 2 wherein the ruthenium compound IS 
selected from the group consisting of: (norbomadienc)Rua2. 
(cydohexadienc)Rua2. (cydoheptatriene)Rua2. and (U-cydooctadiene)Rua2. 

j5 4 The process of Qaim 3 wheiein the ruthenium compound is (1.5- 

cyclooctadiene)Rua2. 

5 The process of Claim 2 wherein contact is made in Ae presence of 

an aprotic solvem at a temperature of about -TS'C to about 200»C under an inert 
atmosphere with the base having apKg greater than 13. 
20 6. A process for the preparation of a rathenium complex having die 

fonnula RuHa(H2XPCy3)2. therein Cy is a cydohexyl group, comprising the 

(a) contacting a nithenium con^lex having the formula Ru(n^- 
CgH8-PCy2XPCy3)a wherein Cy is a cydohexyl group with gaseous hydrogen m 

25 the presence of a solvent to form a solution or suspension; and 

(b) agitating the soUition or suspension rofonn die ruthenium 

complex having die formula RuHa(H2XPCy3)2- 

7. TT« process of Claim 6 wherein contact is made at a temperanire of 

about -80»C to about 200'C. 
30 8. The process of Qaim 6 wherein die solvent is selected from die 

group consisting of: aromatic hydrocarbons, aliphatic hydrocarbons, ediers and 
amines* 

9. The process of Claim 8 wherein die solvem is an aliphatic 

hydrocarbon. . 
35 10. The process of Claim 6 wherein die solution or suspension fuidier 

comprises an amine base. 
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11. A process for the preparation of a ruthenium coiiq>Iex having the 
formula RuH2(H2)2(PCy3)2, wherein Cy is a cydohexyl group, craiprising the 
steps of: 

(a) contacting a ruthenium complex having the formula Ru(n^- 
5 C<^8-PCy2XPCy 3)a or RuHa(H2XPCy3)2 wheiein Cy is a cydohcxyl group 

with gaseous hydrogen in the presence of water, a strong base, an organic solvent 
and a phase transfer catalyst to form a biphasic medium; and 

(b) agitating the medram to form the mthraium complex having 

die forarala RuH2(H2)2(PCy3)2- 
10 12. The process of Qaim 1 1 wherein the phase transfer catalyst is 

selected from the group consisting of: quartemary ammonium halides, linear or 
cyclic poiyethers and linear or cyclic poiyether amines. 

13. The process of Qaim 12 wherein the base is sodium hydroxide, the 
solvent is a polar aptotic solvent, and contact is made at a temperature of about 

15 .30**C to about 200^C at a pressure between about 100 kPa and about 15000 kPa. 

14. Hie process of Qaim 13 wherein the phase transfer catalyst is 
beruyltriediylammonium chloride and the solvent is benzene or toluene. 

15. A process for the hydrogenation of an organic nitrile, comprising 
the steps of: 

20 (a) contacting said nitrile with gaseous hydrogen in the presence 

of a rathenium complex catalyst having the formula: Ru(ll^-C5H8-PCy2XPCy3)a 

or RuHa(H2XPCy3)2' wherein Cy is a cyclohexyl group; and 

(b) subsequently agitating the nitrile, hydrogen and catalyst to 

form a primary amine. 
25 16. The process of Qaim 15 wherein contact is made at a temperature 

of about O^'C to about 200''C at a pressure of about 100 kPa to about 3550 kPa, 

qpdonally in the presence of a solvent. 

17. TTie proccss-of Claim 15 ^v^ierein tricyddiexylphospfaine is present 

during the hydrogenation. 
30 18. The process of Qaim 15 wherein the nitrile is selected from the 

group consisting of : adiponitrile, 2-methylglutaronitrile and dodccariedinitrile. 

19. The process of Claim 15 wherein the nitrile is a dinitrile and the 
primary amine is a diamine. 

20. The process of Qaim 15 wherein the solvent is selected from the 
35 group consisting of: ammonia, tetrahydrofiuan, t-butylmethylether, toluene, n- 

butylamine, 2-methylpentamethylenediamine, hexannediylenediamine, and n- 
amylamine. 
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21. The process of Qaim 16 wherein the primary amine is water-soluble 
and wherein the solvent is immiscible with water, further conqwising separating the 
primary amine by extraction with water ftom the solvent and the catalyst 

22. A process for the selective hydrogenatkm of a dinitrile, comprising 

5 the steps of: 

(a) contacting said dinitrile with gaseous hydw^gen in Ae 
presence of a rothenium oompteat catalyst having the foimula Rn(T\3-C6Hg- 
PCy2)(PCy3)a or RuHa(H2)(PCy3)2. ^y is a cyclohexyl group: and 

(b) subsequendy agitating the dinitrile, hydrogen and catalyst 

10 for an amount of time selected to favor foimation of an aminonitrile over a 
diamine. 

23 The process of Qaim 22 wherein contaa is made at a tenqwrature 
of about O'C to about 200»C at a pressure of about 100 kPa to about 3550 kPa. 
optionally in die presence of a solvent 
15 24. The process of Qaim 23 wheiein the aminonitrile is water-soluble 

and wherein dw solvent is ininiscible widi water, findier comrpising scpanaing die 
aminonitrile extraction widi water ftom die solvent and die catalyst 

25. The process of Qaim 22 wherein die dinitrile is selected from die 

group consisting of adiponitrile. 2-mediylglutaronitrile and dodecanedinitrile. 
20 26. The process of Claim 22 wherein tricyclohexylphosphine is present 

during the hydrogenation. 

27. A process for die reductive hydrolysis of an organic nitrite, 

comprising die steps of: 

(a) cOTtacting said nitrile widi gaseous hydrogen and water in 

25 the presence of a ludienium complex catalyst having die fonnuU RuCtl^-CgHg- 

PCy2XPCy3)Cl or RuHa(H2XPCy3)2; ^ 

(b) siAsequendy agitating die nitrite, water, hydrogen and 

catalyst to form an alc(rfiol. 

28. The process of Qaim 27 wherein step (a) comprises at least 1 mote 

30 of water per mote of tutrite. 

29. lite process of Qaim 27 wherein step (a) comprises at least 30 to 

about 300 moles of water per mole of nitrile. 

30. The process of Oaim 27 wherein die nitrile is selected from die 

group consisting of: adiponitrile, 2-mediylglutaromtrile. dodecanedinitrile. and 3- 

35 cyanomediylisobutyrate. 

31. The process of Qaim 27 wherein die nitrite is a dinitrile and die 

alcohol is a diol. 
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32. The process of Claim 27 wherein contact is made at a tcmpcramre 
of about O^C to about 200'*C at a pressure of about 100 kPa to about 15000 kPa. 
optionally in the presence of a watcr-immisciblc or homogenizing solvent. 

33. The process of Oaim 32 wherein the pximaxy alcohol is water- 
5 soluble and wherein the solvent is immiscible with water, further comprising 

separating the primary alcohol by extraction with water from the solvent and the 
catalyst. 

34. The process of Claim 27 wherein tricyddiexylphosphine is present 

during the hydrolysis. 
10 33. A process for the selective reductive hydrolysis of a dinitrile, 

comprising tfie steps of: 

(a) contacting said dinitrile with gaseous hydrogen and water in 
the presence of a ruthenium complex catalyst having the formula RuCT^^-C^Hg- 
PCy2XPCy3)a and RuHa(H2KPCy3)2, wherein Cy is a cyclohexyl group, and 
15 (b) subsequently agitating the dinitrile, hydrogen, water and 

catalyst for an amount of time selected to favor yield of a hydroxynicnle over yield 
of adiol. 

36. Tlie process of Qaim 35 wherein step (a) comprises at least 1 mole 
of water per mole of dinitrile. 
20 37. The process of Claim 35 wherein step (a) conqxrises at least 30 to 

about 300 moles of water per mole of dinitrile. 

38. The process of Qaim 35 wherein the dinitrile is selected from the 
group consisting of: adiponitrile and dodecanedinitrile. 

39. The process of Qaim 35 wherein contact is made at a tenq)erature 
25 of about 0** to about 200*'C at a pressure of about 100 kPa to about 15000 kPa, 

optionally in the presence of a water-immiscible or homogenizing solvent. 

40. The pn)cess of Oaim 39 wherein the l^droxynitrile is water-soluble 
and wherein the solvent is immiscible with water, fiuAer conq)rising separating the 
hydxoxynitrile extraction with water fipom the solvent and the catalyst. 

30 41 . The process of Oaim 35 wherein tricyclohexyli^iosphine is present 

during tfie hydrolysis. 

42. A process for the reductive inunation of a nitrile to an aldimine, 

comprising the steps of: 

(a) contacting said nitrile with gaseous hydrogen and a primary 
35 amine in the presence of a ruthenium complex catalyst having the formula Ruiv?- 

C6Hg-PCy2XPCy3)a or RuHa(H2XPCy3)2, where Cy is cyclohexyl; and 

(b) subsequendy agitating the nitrile, hydrogen, amine and 
catalyst to form said aldimine. 
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43. The process of Qaim 42 wherein contact is made at a temperature 
of O'C to about 200°C at a pressure of about 1825 kPa to about 15000 kPa, 

optionally in the presence of a solvent 

44. The piocess of Claim 42 wherein ttricyclohexylphosphine is present 

5 during the imination. 

45. The process ofClaim 42 wherein the nitrile is adiponiirile. 

46. Aprocessfbrthehydrogenaiionofanitioconqwundtoaprimaiy 

amine, canonising ttie steps ot 

(a) contacting the nitioconqwundhaviiig at least one NO2 
10 group with gaseous hydrogen in the presence of a nitheniumconq>lex catalyst 

having the fomiula Ru(n3-C6H8-PCy2XPCy3)a or RuHaCHjKPCysh. wherein 

Cy is a cydohexyl group; and 

(b) subsequently agitating the nitro compound, tqrdrogen and 

catalyst to form said primary amine. 
15 47. The process of Claim 46 wherein contact is made at a temperature 

of about O'C to about 200»C at a pressure of about 100 kPa to about 15000 kPa, 

qitionally in dw presence of a scdvent 

48. The process of Claim 47 wherein the primaiy amine is water-soluble 
and wheiein the solvent is immiscible witfi water, fimher compiising sepaiaring the 

20 primary amine by extraction with water ftom the solvent and the catalyst. 

49. TTie piocess of Claim 46 wherein tricydohexyliAosphine is present 

during the hydrogenation. 

50. The process of Claim 46 wherein the nitro compound is selected 
from the group consisting: nitrobeniiene and 4,4'-dinitrodiphenyl-cther. 

25 51. The piocess of Qaim 46 wherein tfie solvent is sdected from the 

group consisting of: ammonia, tetrahydrofiiran, t-butyhnethyl-ether, toluene, n- 
butylamine. 2-methyl-pentamethylene diamine, hexameihylcne diamine, and n- 
amylsminc. 
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